Abstract. By considering the crashworthiness design of bionic bumper structure during frontal impact, the thicknesses are chosen to analysis and optimal design to obtain the lightweight demand. The orthogonal experiment design and radial basis function are employed to construct the response surface for the performances of thin-walled components. The multi-objective cuckoo search (MOCS) is applied to perform the optimal design. The results demonstrate that the optimal method and process proposed have high accuracy and validity.
Introduction
In the field of the passive safety of passenger vehicles, the studies of crush stiffness characteristics are very important. In order to reduce the damage to occupants in a collision, it is necessary to maximize the energy absorption of frontal components. The safety demands cause an increase in weight of traditional vehicle body. In nature, some creatures have good mechanical properties as well as lightweight structures, it is feasible to apply biological methods to energy-absorbing structures, which can ensure the lightweight design while improving the energy absorption capacity [1, 2] .
To seek for optimal crashworthiness of structure, nonlinear finite element method has been extensively employed. Unfortunately, high nonlinearities in numerical sensitivity analysis could to a certain extent compromise the efficiency and feasibility of the conventional FE-based gradient optimization procedures [3, 4] . Therefore, a surrogate model technique is represented by the response surface method (RSM) to solve highly nonlinear problem, especially in bionic structure design [5, 6] .
This work aims at designing the appropriate configuration of frontal bumper structure based on bionic method. According to our previous research, the bionic bumper structure (bio-crash beam and bio-box, B-CB&B) is used as the basic model. The material thickness needs to be optimized to achieve the passive safety target. Meanwhile, lightweight design must be considered. Set up experiments by Orthogonal experiment, then the RSM based on radial basis function method is adopted to construct the functions of the specific energy absorption (SEA) with respect to the components' thicknesses. Finally, by using the multiobjective cuckoo search (MOCS), the optimal thickness parameters of the components are obtained to minimize the weight.
Description of optimization problem
For the frontal crash scenario, the main function of a bumper structure is to attenuate the impact of a collision in direct contact [7] . Figure 1 shows the initial bumper structure. In nature, cattail and bamboo have good dynamic mechanical properties when bearing external pressure. Inspired by their ingenious structures, we designed several types of the bionic energy box applied to bumper. Particularly, the B-CB&B type bionic structure has excellent energy absorption characteristics [8, 9] , and it is worth to pay more study on the optimization problem, as shown in Figure 2 . The inner reinforcement components and load-bearing assembles could not be removed due to collision stability demands. The materials of components will also not change.
Therefore, choosing the thicknesses of 8 key components (displays in Figure 3 ) as design variables to reach the lightweight target under crashworthiness constraints. The optimization problem can be expressed as in equation (1) 
SEA Total energy absorption Total mass 
(2) where SEA is specific energy absorption of total components, it denotes the energy absorbed per unit mass of absorber as in equation (2), which is used to estimate the energy absorption characteristics of safety protection equipment. The max F represents the peak section force of rear domain on bionic box, and it must be controlled to keep the loading path continuity and stability. Therefore, the objective is to minimize max F . The SEA of initial B-CB&B type bionic structure is 2.592 kJ/kg and that value is set to be the lower limit. 1 t , 2 t~8 t represent the thickness variables of 8 components as shown in figure 3 . The simulation scenario we used here is a full-size rigid wall collision as shown in figure 4 . By calculating kinetic energy conservation, the weight of rigid wall is 930 kg. The initial crash speed is set to 4.33 m/s. Table 1 shows material and thickness information of initial bionic structure. The nonlinear analysis is carried out using LS-DYNA. 
Surrogate Model by RSM
RSM is a collection of mathematical and statistical techniques for constructing global approximations assessment based on objective and constraint functions in various samples in the design space.
Definition of Design Point
Design of experiment (DOE) provides a means to the selection of the samplings in the design domain, and the basic aim of this method is to maximize design efficiency and accuracy [10] . By considering the accuracy and computing cost, two-level orthogonal design 
Construction of multi-parameters RSM
In this paper, second-order formula (as equation (3)) is employed to describe the relationships between the responses and design factors. As a result of the approximated modelling method based on radial basis function, the quadratic response functions of SEA and linear function of max
Then, based on the RS models and FE analysis results, calculate the correlation coefficients
. The 1 R  represents a good fitness between initial model and surrogate model. Otherwise, the samples must be re-chosen. The R of the quadratic response function of in  equals to 1. It means the surrogate model is adequate to fit the response and it is feasible to execute the optimal design.
Optimal design by MOCS
The multi-objective cuckoo search (MOCS) is a heuristic evolutionary algorithm inspired by cuckoo's breed behaviour [12] which has the advantages of simple structure, less parameters and superior search path [13] . It updates the solution using the Lévy flight mechanism in the optimization process, the search path and location update formula is defined as in equation (4)- (6):
is the i cuckoo individual in the （ t+1 ） generation,  is entry-wise multiplications,  is the step size, 0  is constant to control the step size.
  é L vy  is the random step which is drawn from a é L vy distribution for large steps. The algorithm flow chart shows in figure 5 . Table 3 lists the optimal thicknesses of the components by MOCS. Also the weight and intrusion were calculated by crash analysis. For the manufacturing factors, the optimal thicknesses have to be round-off. Based on round-off results, the peak section force of bionic box at rear domain reduces nearly 57.5%. Considering special limitations of the protection frame design, the optimal effect is completely obvious by only changing the components' thicknesses. Meanwhile, the SEA increases remarkably and it does satisfy the constraint. Therefore, the optimization method used in this paper is very effective. Based on the optimization, the sensitivity analysis could not be performed because of nonlinear problem, but optimal thickness distribution shows that the significantly different influence of the whole characteristics by different components.
Conclusions
(1) In order to improve the crashworthiness performance of the frontal protection components, DOE is implied to construct the RS models with high accuracy. Therefore, the approximate sensitivities, or variation trend of responses with regards to thicknesses can be observed from the DOE results.
(2) Based on the RS functions and MOCS, find the optimal thickness distribution directly. Consider the lightweight demands, energy absorption and peak crash force simultaneously. Therefore, the optimal bionic bumper structure is preferable by comprehensively measurement.
(3) Due to the limitations from manufacturing, it is clear that the engineers gain a great benefit on the cost and timing by utilizing the DOE and optimization approach to improve the crashworthiness of bionic structure. The DOE and MOCS applied in this paper are worth to be better used in modifying the structural crashworthiness characteristics under the other conditions.
